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Abstract 
The transcription factor cAMP-response ele-
ment  binding  protein  (CREB)  mediates  the
mechanical strain-induced gene expression in
the heart. This study investigated which sig-
naling  pathways  are  involved  in  the  strain-
induced CREB activation using cultured ven-
tricular fibroblasts from adult rat hearts. CREB
phosphorylation was analyzed by immunocyto-
chemistry and ELISA. Cyclic mechanical strain
(1 Hz and 5% elongation) for 15 min induced
CREB  phosphorylation  in  all  CREB-positive
fibroblasts.  Several  signaling  transduction
pathways  can  contribute  to  strain-induced
CREB activation. The inhibition of PKA, PKC,
MEK,  p38-MAPK  or  PI3-kinase  partially
reduced the strain-induced CREB phosphory-
lation. Activation of PKA by forskolin or PKC by
PMA resulted in a level of CREB phosphoryla-
tion comparable to the reduced level of the
strain-induced CREB phosphorylation in the
presence of PKA or PKC inhibitors. Signaling
pathways involving PKC, MEK, p38-MAPK or
PI3-kinase  seem  to  converge  during  strain-
induced CREB activation. PKA interacted addi-
tively  with  the  investigated  signaling  path-
ways. The strain-induced c-Fos expression can
be reduced by PKC inhibition but not by PKA
inhibition. Our results suggest that the com-
plete  strain-induced  CREB  phosphorylation
involves several signaling pathways that have
a  synergistic  effect.  The  influence  on  gene
expression is dependent on the level and the
time of CREB stimulation. These wide-ranging
possibilities  of  CREB  activation  provide  a
graduated control system.
Introduction
Cardiac  ventricular  fibroblasts  represent
the majority of cell numbers in the heart and
are  subjected  to  permanent  mechanical
changes in length and tension that affect cell
proliferation, the deposition of the extracellu-
lar matrix proteins, and the release of growth
and other factors, e.g. cytokines.
1,2 Fibroblasts
sense mechanical forces via multiple signal-
ing pathways. The mechanotransduction can
be classified as initial site with the sensors
which are the integrins, the stretch-activated
ion channels and the cytoskeleton.
3,4 The inte-
grin-mediated  transfer  of  the  extracellular
matrix movement caused by mechanical strain
activates the focal adhesion kinases leading to
stimulation of signal cascades.
5,6 The stimula-
tion of the stretch-activated ion channels by
strain changes the intracellular concentration
of Ca
2+, Na
+ and K
+.
7 Secondary events include
the  activation  and  phosphorylation  of  mem-
brane associated enzymes.
8 Mechanical strain
can  activate  the  receptor  tyrosine  kinases
(RTK) leading to the stimulation of mitogen-
activated protein kinases and stress-activated
protein  kinases.  Membrane  bound  enzymes
such  as  G-protein  coupled  receptors  can  be
activated by mechanical strain leading to an
increased level of second messengers, includ-
ing cAMP level.
9 Mechanical stress can cause
an induction of reactive oxygen species acti-
vating  the  stress-sensitive  p38-MAPK  path-
way.
10,11 The tertiary events include the stimu-
lation of transcription factors regulating gene
expression.  
Mechanical  strain  can  be  considered  an
extracellular  stimulus  triggering  one  of  the
best  characterized  stimulus-induced  tran-
scription factors, the cAMP response element
(CRE)-binding protein (CREB).
3 CREB is acti-
vated by different signaling pathways leading
finally to phosphorylation of a particular pro-
tein residue, serine 133 (Ser133). The CREB
phosphorylation is required for the CRE-medi-
ated  gene  expression.
12-14 CRE-regions  are
present in various genes which are important
for the cardiovascular system.
15 Thus, it is con-
ceivable  that  changes  in  the  CRE-mediated
gene  expression  contribute  to  a  change  in
expression of the regulatory proteins.
A previous report presented a differential
expression of the CREB family members in the
different cell types of the heart.
16 It was found
that  CREB  is  only  expressed  in  fibroblasts
whereas the cAMP response element modula-
tor (CREM) is only expressed in ventricular
myocytes. For this reason, investigations into
CREB activation could be realized with cardiac
fibroblasts  as  the  main  cardiac  cells  of  the
CREB expression. The aim of this study was to
investigate  which  signaling  pathways  are
responsible for CREB activation by mechanical
strain using ventricular fibroblasts of adult rat
hearts. We found that several strain-activated
signaling pathways contributed to the CREB
phosphorylation.  The  inhibition  of  several
kinases, including PKA, PKC, ERK, p38, Raf-1
kinase, PI3-kinase, MEK, reduced the strain-
induced  CREB  phosphorylation.  This  reduc-
tion of the strain-induced CREB phosphoryla-
tion was increased by inhibition of two differ-
ent cascades. These multiple signaling path-
ways ensure CREB activation during mechan-
ical strain.
Materials and Methods
Animals used in this study were maintained
in accordance with the “Guide for the Care
and Use of Laboratory Animals” published by
the  US  National  Institutes  of  Health  (NIH
Publication no. 85-23, revised 1996).
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Cell culture and stretch
Fibroblasts were isolated from both ventri-
cles of adult male rat (body weight 292±14 g;
n=20) hearts (heart weight 1.14±0.11 g) by
means of retrograde perfusion of collagenase-
containing solutions. Details have been previ-
ously reported.
17 After the perfusion, the cell
suspension was centrifuged at 700 rpm for 5
min at room temperature. The cell pellet was
resuspended  in  Dulbecco’s  modified  Eagle
medium (DMEM)/medium 199 (Earle’s salts)
at a ratio of 4:1 and 10% fetal calf serum (FCS,
Sigma) containing 1% penicillin/streptomycin
(Sigma)  and  10  µg/mL  amikacin  (Sigma).
Cells were grown to confluency and then pas-
saged once to culture on the Bioflex culture
plates  coated  with  collagen  I  within  24  hrs.
Inhibitors  were  added  three  hours  after  the
change  of  the  medium.  The  inhibitors  used
were 3 µM H89, 1 µM RO-31-8220, 5 µM chel-
erythrine chloride, 10 µM LY 2940002, 20 µM
KN-93,  5  µM  SU  6656,  10  µM  Raf1  kinase
inhibitor I, 10 µM UO 126, 50 µM PD 98059, 2
µM SB 203580 (Calbiochem). For the stretch
experiments, the Bioflex culture plates were
put in the gasket of the Flexercell Strain Unit
(Flexercell; McKeesport, PA, USA) of a tissue
incubator (5% CO2, 37°C) for one hour as incu-
bation before the strain. The Flexercell com-
puter system connected the unit with a vacu-
um pump and controlled the stretch parame-
ters.
18The cells were stretched at an elongation
of 5%, frequency of 1 Hz and duration of 15
min. The control groups were handled in the
same way but without cyclic deformation.
Immunocytochemistry
After  stimulation  with  strain,  10  µM
forskolin (Calbiochem) or 500 nM phorbol-12-
myristate-13-acetate (PMA, Calbiochem), cells
were  fixed  in  4%  paraformaldehyde  for  one
hour  at  room  temperature.  They  were  then
washed three times in 50 mM Tris-HCl, pH 7.4,
150  mM  NaCl  (TBS)  and  0.1%  Triton  X-100
(TBST) and incubated for one hour in TBST
added 2% wt/vol bovine albumin (BSA). Then,
cells were incubated with the primary antibod-
ies against CREB (#9192, Cell Signaling) or
phospho-CREB  (#9191,  Cell  Signaling)  in  a
dilution of 1:200 overnight at 4°C. After wash-
ing,  cells  were  incubated  in  secondary  anti-
body goat anti-rabbit conjugated with alkaline
phosphatase (Sigma) in a dilution 1:50 for four
hours. BCIP/NBT (Sigma FastTM) was used as
substrate for the alkaline phosphatase. After
detection, cells were rinsed and stored in aqua
dest. The numbers of CREB as well as phos-
pho-CREB positive nuclei were counted rela-
tive to the whole number of cells by x200 mag-
nification over an area of 0.25 mm
2 with the
light microscope. 
Western blot analysis of c-Fos
For c-Fos analysis, fibroblasts were incubat-
ed without inhibitors as control or with 3 µM
H89 or 5 µM chelerythrine for 30 min and cycli-
cally mechanically strained (1 Hz, 5% elonga-
tion) for one hour. After the strain, the cells
were washed with ice-cold PBS and solubilized
with  sample  buffer  consisting  of  20  mM
tris(hydroxymethyl)-aminomethane  (TRIS)-
HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA,  1%  Triton  X-100,  1%  vol/vol  protease
inhibitor cocktail (P8340, Sigma), 1% vol/vol
phosphatase  inhibitor  cocktail  I  (P2850,
Sigma), and 1% vol/vol phosphatase inhibitor
cocktail II (P5726, Sigma). The protein content
was  analyzed  with  BIORAD  protein  assay.
Proteins (10 µg) were run together on a 10%
SDS-polyacrylamide gel. After transfer to nitro-
cellulose  membrane,  the  membrane  was
strained with Ponceau Red to control for equal
transfer of protein. Membranes were treated
with 5% Blotto (5% wt/vol non-fat dry milk in
TBS (20 mM Tris-HCl, pH 7.4, 150 mM NaCl)
with 0.1% Tween 20 for two hours at room tem-
perature. After washing, the blots were incu-
bated  for  one  hour  with  a  mouse  antibody
against c-Fos (OP17, Oncogene) in a concen-
tration  of  2.5  µg/mL  or  a  mouse  antibody
against b-actin (A5441, Sigma) in a dilution of
1:1000. Horseradish peroxidase (HRP) conju-
gated anti-mouse IgG were used as secondary
antibody in a dilution of 1:1000. The blots were
visualized by using an enhanced chemilumi-
nescence detection system (ECL, Amersham).
Preparation of nuclear extract and
analysis of phospho-CREB amount
The  ActiveMotif  Kit  for  nuclear  extract
preparation was used. Fibroblasts were cycli-
cally mechanically strained (1 Hz, 5% elonga-
tion) for 15 min without or with inhibitors.
After the strain, the cells were washed with
ice-cold PBS, scraped off the Bioflex plates and
centrifuged at 500 g for 5 min at 4°C. The pel-
lets  were  lysed  according  to  the  instruction
manual in a hypotonic puffer. The nuclear frac-
tions were centrifuged at 14,000 g for 10 min at
4°C.  Protein  concentration  was  analyzed  by
BIORAD protein assay.
The amount of phospho-CREB was quanti-
fied by using a commercially available ELISA
combined with a sensitive and specific assay
for  transcription  factor  CREB  Trans  AM™
pCREB from ActiveMotif. This Kit contains a
96-well plate on which an oligonucleotide with
CRE (5’-TGACGTCA-3’)-sequence was immobi-
lized. Samples of 2 µg nuclear fractions were
handled according to the instruction manual
and  the  optical  density  of  the  samples  was
measured at 450 nm. The amount of phospho-
CREB  was  related  to  cms-induced  phospho-
CREB amount.
Statistical analysis
Data are expressed as mean ±SD. The dif-
ferences were assessed by one-way analysis of
variance combined with the Bonferroni test. A
value of P<0.05 was considered to be statisti-
cally significant.
Results
cAMP response element binding
protein activation by cms
The cultured fibroblasts of adult rat hearts
were CREB-positive cells (93.2±6.1%; n=22).
In these cultures, a small fraction of 12.9±4.2%
were  phospho-CREB  positive  cells  (n=10),
shown in Figure 1B. Cyclic mechanical strain
(cms) increased the number of phospho-CREB
positive fibroblasts to 87.8±9.6% (n=10). This
result can be achieved by the images of phos-
pho-CREB positive nuclei in fibroblasts with-
out strain as control and under the influence of
cms in Figure 1A. 
Differential inhibition of CREB phosphory-
lation suggested the presence of several sig-
naling cascades induced by cyclic mechanical
strain (Figure 2). The inhibition of PKA by 3
µM H89 reduced the number of phospho-CREB
positive cells to 80.1±11.2% (n=8). The effect
of the PKC was investigated with two different
inhibitors, 1 µM RO-31-8220 and 5 µM chelery-
thrine.  Addition  of  RO-31-8220  resulted  in
64.3±15.9% and of chelerythrine in 73.3±6.5%
phospho-CREB positive cells (n=8) after cms.
The  number  of  phospho-CREB  positive  cells
was unchanged by inhibition of CaMK II (20
µM KN-93). Cms can activate tyrosine kinases
leading  to  the  CREB  phosphorylation.  One
pathway including the PI3-kinase, inhibiting
by 10 µM LY 294002, reduced the number of
phospho-CREB  positive  cells  to  80.7±5.4%
(n=8). The Src-inhibition by 5 µM SU 6656
resulted  in  75.6±5.8%  (n=8)  phospho-CREB
positive cells. A decrease in the phospho-CREB
positive  cells  to  72.3±5.8%  (n=8)  by  Raf1
kinase  inhibition  (10  µM  Raf1-kinase-
inhibitor)  was  registered  after  cms.  The
inhibitor PD 98059 (50 µM) which blocked the
phosphorylation of MEK resulted in 81.6±7.3%
(n=8) phospho-CREB positive cells. The non-
competitive inhibition of MEK (10 µM UO126)
revealed  70.1±9.9%  phospho-CREB  positive
cells after cms. The inhibition of p38 MAPK (2
µM  SB  203580)  caused  78.5±12.8%  (n=8)
phospho-CREB positive cells under the influ-
ence of cms. 
The inhibition of the strain-induced CREB
phosphorylation in the presence of two differ-
ent  inhibitors  revealed  synergistic  effects
(Figure 3). The inhibition of PKA by 3 µM H89
and  MEK  by  10  µM  UO126  resulted  in  a
reduced  number  of  strain-induced  phospho-Article
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CREB positive cells to 55.2±13.2% (n=7) pre-
senting  an  additive  effect.  Another  additive
effect on the strain-induced CREB phosphory-
lation was revealed by the inhibition of PKA (3
µM H89) and PKC (5 µM chelerythrine) which
caused 48.9±6.2% (n=7) phospho-CREB posi-
tive cells. The inhibition of p38 MAPK (2 µM
SB  203580)  and  PKC  (5  µM  chelerythrine)
showed a subadditive effect on the cms-medi-
ated CREB phosphorylation and reduced the
number  of  phospho-CREB  positive  cells  to
59.0±8.2% (n=7). Another subadditive effect
was  registered  during  PKC  (5  µM  chelery-
thrine)  and  PI3-kinase  (10  µM  LY  294002)
inhibition during cms which reduced the num-
ber  of  phospho-CREB  positive  cells  to
67.5±9.2%  (n=7).  A  comparable  subadditive
effect caused the inhibition of PI3-kinase (10
µM LY 294002) and MEK1/2 (10 µM UO126)
during  cms  resulting  in  67.4±12.9%  (n=7)
phospho-CREB positive cells.
The quantitative analysis of phospho-CREB
protein  amount  in  the  nuclear  fractions
showed  the  same  tendency  (Figure  4).  The
extent of the CREB phosphorylation related to
cms-induced  phospho-CREB  amount  was
reduced  by  PKA  inhibition  (3  µM  H89)  to
80.3±7.7%  (n=5),  by  PKC  inhibition  (5  µM
chelerythrine) to 78.9±14.4% (n=5), by non-
competitve inhibition of MEK (10 µM UO126)
to 83.0±7.0% (n=5) and by p38 MAPK (2 µM
SB 203589) to 81.1±13.4% (n=5). The inhibi-
tion of PKA (3 µM H89) and MEK1/2 (10 µM
UO126) reduced the amount of CREB phospho-
rylation  to  58.7±6.7%  (n=5)  in  an  additive
manner. The PKA (3 µM H89) and PKC (5 µM
chelerythrine) inhibition resulted in a reduced
amount of phospho-CREB to 68.0±8.3% (n=5).
The combination of PKC (5 µM chelerythrine)
and p38 MAPK (2 µM SB 203580) inhibition
decreased  the  amount  of  phospho-CREB  to
67.0±10.4%  (n=5)  a  subadditive  effect.  The
inhibition of MEK1/2 (10 µM UO126) and PI3-
kinase (10 µM LY 294002) reduced the phos-
pho-CREB amount to 60.4±11.0% (n=5), also a
subadditive effect.
cAMP response element binding
protein activation by PKA and PKC
stimulation
The participation of PKA and PKC in CREB
activation was comparable to the parts which
the inhibition of PKA or PKC presented by the
strain-induced CREB phosphorylation.
The effect of 10 µM forskolin on the CREB
phosphorylation  was  investigated  after  four
different  times  (Figure  5).  The  number  of
phospho-CREB  positive  cells  was  already
increased  from  18.5±6.3%  to  42.9±15.9%
(n=8)  after  5  min.  This  enhanced  level  of
phospho-CREB  positive  cells  was  still
35.7±8.2% after 10 min. However after 15 min,
no  forskolin-induced  CREB  activation  was
found. Hence, it appears that CREB activation
by forskolin is a transient effect.
In contrast to the forskolin stimulation, the
CREB  phosphorylation  induced  by  500  nM
PMA is a sustained effect over time from 10
min  to  20  min  (Figure  5).  The  number  of
phospho-CREB  positive  cells  increased  from
12.1±5.0%  to  27.6±5.4%  after  5  min  and  to
54.3±10.4%  after  10  min  (n=6).  This
enhanced level of phospho-CREB positive cells
remained at 53.0±16.8% after 15 min and at
62.8±13.8% after 20 min. 
A
B
Figure  1.  (A)  Qualitative
analysis  of  CREB  phos-
phorylation  by  cyclical
mechanical  strain  (cms,
5%  elongation,  1  Hz,  15
min)  in  cultured  fibrob-
lasts from adult rat hearts
in  comparison  to  control
without  strain  by
immunocytochemistry. An
arrow with head indicates
a  phospho-CREB  positive
nucleus and an arrow with-
out head a nucleus without
phospho-CREB  labeling
in the images showing car-
diac  fibroblasts  without
cms  (control).  The  com-
parison  between  the
images in the top line con-
trol  and  strain  presents  a
much  higher  number  of
phospho-CREB  positive
nuclei in the strain image.
Scale  bar:  50  µm.  (B)
Quantitative  analysis  of
the number of CREB- and
phospho-CREB  positive
nuclei related to the whole
number of cultured fibrob-
lasts from adult rat hearts
(n=10).  Activation  of
CREB by cyclical mechan-
ical strain (cms, 5% elon-
gation, 1 Hz, 15 min) ana-
lyzed  by  immunocyto-
chemistry (n=10).
Figure 2. Inhibition of the
strain-induced CREB pho-
sphorylation by 3 µM H89
(PKA-inhibition),  1  µM
RO-31-8220  (#PKC-inhi-
bition), 5 µM chelerythrine
(*PKC-inhibition), 20 µM
KN-93  (CaMK  II  inhibi-
tion),  10  µM  LY  294002
(PI3-kinase  inhibition),  5
µM  Su  6656  (Src-kinase
inhibition),  10  µM  Raf1-
kinase  inhibitor,  50  µM
PD  98059  (MEK-  inhibi-
tion),  10  µM  UO126
(MEK1/2-  inhibition),  2
µM  SB  203580  (p38-
MAPK  inhibition)  ana-
lyzed after 15 min cms by
immunocytochemistry
(n=8); Mean±SD, *P<0.01
vs.cms.Article
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Expression of c-Fos by cms
The  expression  of  c-Fos  is  regulated  by
CREB. Cms increased the c-Fos protein level by
23±7% (n=4). The effect of cms on the quanti-
ty  of  c-Fos  protein  was  reduced  by  42±19%
(n=4) in the presence of PKC inhibitor chel-
erythrine (5 µM). The PKA inhibition with H89
(3 µM) showed no effect on the strain-induced
c-Fos  expression.  The  c-Fos  expression  was
measured relative to b-actin by densitometric
analysis of Western blots (Figure 6).
Discussion
This is the first study which investigates in
detail the signal transduction from the physi-
cal mechanical stimulus of the activation of
the  transcription  factor  CREB  to  the  gene
expression in cardiac fibroblasts of adult rats.
These cultured fibroblasts were identified as
pure culture of fibroblasts and were not shown
to  be  myofibroblasts.
19 The  number  of  α-
smooth muscle actin-positive cells resulted in
less than 10% of ʱ-smooth muscle actin-posi-
tive fibroblasts. The adult ventricular fibrob-
lasts were also chosen as in vitro model which
exclusively expresses CREB as sole member of
the CREB family in one of the main cardiac
cells.
16
The ventricular fibroblasts are subjected to
permanent environmental movements in the
heart influencing cellular processes and gene
expression.
3,20 The  stimulus  of  mechanical
strain  caused  CREB  phosphorylation  in  all
nuclei of the cultured cardiac fibroblasts. The
comparison  between  the  pathway  leading  to
the CREB phosphorylation and the cellular and
molecular  response  to  mechanical  stress
revealed an extensive correspondence of both.
The  known  signaling  pathways  leading  to
CREB activation include the cAMP-dependent
pathway leading to the PKA stimulation or the
activation  of  receptor  tyrosine  kinases
involved MEK and ERK-1/2.
12,13,21 Another sig-
naling pathway activated by tyrosine kinases is
the  PI3-kinase/Akt  pathway  mediating  the
CREB activation.
22 Alternative signal cascades
involving the p38 and the MAKPAP-2 kinases
that  are  targets  of  fibroblast  growth  factor
(FGF)- and tumor necrosis factor (TNF)- stim-
ulated pathways result in CREB phosphoryla-
tion.
23 Thus, the stimulus of mechanical strain
can be transformed to activate CREB by multi-
ple signaling pathways.
The inhibition of an individual enzyme of
different cascades showed only a partial reduc-
tion in the strain-induced CREB phosphoryla-
tion.  The  PKC  inhibition  contributed  the
largest share to the strain-induced CREB phos-
phorylation. This high share could be attrib-
uted to interference in the regulation of the
MAPK cascade. Different participation of path-
ways  by  the  CREB  activation  was  recently
reported  during  ischemic  pre-conditioning
completely  involving  the  p38MAPK  pathway
and partially involving the ERK1/2 pathway.
24
The partial participation of signaling path-
ways  in  the  CREB  activation  could  be  con-
firmed by the activation of one signaling path-
way.  The  stimulation  of  cAMP  synthesis  by
forskolin  increased  the  number  of  phospho-
CREB positive cells by approximately 20% and
this was not a complete CREB activation. The
PKC stimulation caused an enhanced number
of  phospho-CREB  positive  cells  by  approxi-
mately 40% and this was again not a complete
CREB  activation.  These  results  also  showed
that the participation of PKC to the CREB acti-
vation is higher than that of the PKA. The pro-
portion  of  these  different  pathways  to  the
CREB phosphorylation is comparable with the
different shares of the same pathways by the
inhibition of the strain-induced CREB activa-
tion. 
The expression of c-Fos is regulated by the
CRE-region.
8,12,13 The strain-induced c-Fos pro-
tein level was only reduced by PKC inhibition
but not by PKA inhibition. The different partic-
ipation of the signaling pathways to the strain-
induced CREB activation is comparable to the
effect on the strain-induced c-Fos protein level. 
The  interaction  between  different  signal
transduction pathways was suggested by the
inhibition of two individual enzymes of differ-
ent cascades. The investigated signal cascades
had synergistic effects on the CREB activation.
Signaling pathways involving PKC, MEK, p38-
MAPK or PI3-kinase seem to converge during
the strain-induced CREB activation. Additively
affecting the CREB activation requires partici-
pation of PKA as one of two partners by the
Figure 3. Inhibition of the
strain-induced CREB phos-
phorylation by the combi-
nations of 3 µM H89 and
10  µM  UO126  (PKA  and
MEK1/2  inhibition)  or  3
µM H89 and 5 µM chelery-
thrine (PKA and PKC inhi-
bition) or 2 µM SB 203580
and  5  µM  chelerythrine
(p38-MAPK and PKC inhi-
bition)  or  10  µM  LY
294002 and 5 µM chelery-
thrine  (PI3-kinase  and
PKC inhibition) or 10 µM
LY  294002  and  10  µM
UO126  (PI3-kinase  and
MEK1/2 kinase inhibition)
analyzed after 15 min cms
by  immunocytochemietry
(n=7);  Mean±SD,  *P<0.01
vs. cms.
Figure 4. Analysis of strain-
induced  phospho-CREB
protein  amount  inhibited
by 3 µM H89 (PKA-inhibi-
tion),  5  µM  chelerythrine
(PKC-inhibition),  10  µM
UO126  (MEK1/2-  inhibi-
tion) and 2 µM SB 203580
(p38-MAPK inhibition), as
well as the combination of 3
µM  H89  and  10  µM
UO126 (PKA and MEK1/2
inhibition)  or  3  µM  H89
and  5  µM  chelerythrine
(PKA and PKC inhibition)
or 2 µM SB 203580 and 5
µM  chelerythrine  (p38-
MAPK  and  PKC  inhibi-
tion) or  10 µM LY 294002
and  10  µM  UO126  (PI3-
kinase and MEK1/2 kinase
inhibition) by ELISA; n=5;
Mean±SD, *P<0.05 vs. cms.Article
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strain-induced  CREB  activation.  The  reason
for the partial participation of several signal-
ing pathways could be to ensure the strain-
induced CREB activation in any case. Probably,
there is a balance between the different signal-
ing pathways to activate the gene expression.
It seems dependent on age and environmental
conditions such as hypoxia, the signaling path-
way of which participates the most in CREB
activation.
25
CRE-mediated gene expression in the heart
has its relevance in the regulation of the pro-
liferation  and  content  of  the  extracellular
matrix (ECM) proteins by the fibroblasts. An
influence of an enhanced cAMP level on the
collagen  synthesis  was  reported  to  occur  by
interaction in CREB with other transcriptional
complexes.
26 Excessive fibroblast proliferation
and increase of ECM proteins induce myocar-
dial stiffness leading to cardiac dysfunction.
2
Thus, a changed strain-induced gene expres-
sion  in  the  fibroblasts  can  affect  cardiac
myocyte  function  inducing  cardiac  hypertro-
phy.
8 A role for the transcription factor family
CREB/ATF in the physiological and pathologi-
cal myocardial hypertrophy were reported in
cardiac cells.
27-29 In summery, several signaling
pathways  can  contribute  to  strain-induced
CREB activation in cardiac fibroblasts. These
strain-stimulated signaling pathways seem to
converge in part during the CREB activation.
An additive interaction of the cascades could
be  only  shown  if  PKA  was  involved  in  the
strain-induced  CREB  activation.  The  CREB-
mediated  gene  expression  seems  dependent
on the level as well as on the time of the CREB
phosphorylation. These wide-ranging possibil-
ities of CREB activation provide a graduated
control system and could ensure CREB-mediat-
ed gene expression in the heart under several
conditions. 
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